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1. Introduction {#open201900154-sec-0001}
===============

The avian eggshell is a complex biomineral that combines mechanical stiffness, bio‐functionality, and aesthetic appearance. The chicken eggshell mainly consists of calcite crystallites (≈95 % w/w) with a small contribution of apatite (≈1% w/w),[1](#open201900154-bib-0001){ref-type="ref"} a pervading organic matrix (1--3.5 % w/w of the palisade layer),[2](#open201900154-bib-0002){ref-type="ref"} pigments as colorants (0.15--1200 nmol/g),[3](#open201900154-bib-0003){ref-type="ref"}, [4](#open201900154-bib-0004){ref-type="ref"}, [5](#open201900154-bib-0005){ref-type="ref"}, [6](#open201900154-bib-0006){ref-type="ref"}, [7](#open201900154-bib-0007){ref-type="ref"}, [8](#open201900154-bib-0008){ref-type="ref"} and, according to own results, more than 10 % (v/v) void cavities with about 0.4 % (w/w) of adsorbed water. The architecture of the shell has mainly been investigated with imaging methods (scanning electron microscopy,[9](#open201900154-bib-0009){ref-type="ref"} transmission electron microscopy,[2](#open201900154-bib-0002){ref-type="ref"} optical microscopy,[10](#open201900154-bib-0010){ref-type="ref"} and X‐Ray[11](#open201900154-bib-0011){ref-type="ref"}). The inner shell surface consists of two protein membranes followed by interstitial calcite columns, so‐called mammillary knobs, which converge to the calcareous palisade layer topped with an outer protein layer, the cuticle. More detailed information can be found in review articles.[12](#open201900154-bib-0012){ref-type="ref"}, [13](#open201900154-bib-0013){ref-type="ref"}, [14](#open201900154-bib-0014){ref-type="ref"}

Of particular interest to the present contribution are the properties of the organic matrix. It consists of a series of proteins[15](#open201900154-bib-0015){ref-type="ref"}, [16](#open201900154-bib-0016){ref-type="ref"}, [17](#open201900154-bib-0017){ref-type="ref"} and of pigments responsible for the color of the shell. The brown shells contain cyclic tetrapyrrole derivatives[18](#open201900154-bib-0018){ref-type="ref"}, [19](#open201900154-bib-0019){ref-type="ref"} with the main representative protoporphyrin IX (PPIX), the free base (metal‐free) version of heme. The green and blue‐green shells contain biliverdin (BV),[20](#open201900154-bib-0020){ref-type="ref"}, [21](#open201900154-bib-0021){ref-type="ref"} an oxidative ring opening product of PPIX with broad absorption in the blue and orange‐red region. Slight variations in the absorption width or maximum induce the change of the color impression from more green to more blue. The green shells often comprise PPIX in addition to BV, resulting in a dark color.[22](#open201900154-bib-0022){ref-type="ref"} In white shells, no color pigment is visible to the naked eye. If any is present, it will be masked by the shell\'s blue fluorescence, which acts as an optical brightener. Tamura et al. studied the distribution of porphyrin pigments in each layer of the coverings of eggs. They concluded that the pigments were distributed in the shells and cuticles. The pigments concentrations in the shell membranes were in the range of or below the detection limit and thus could not be clearly observed.[23](#open201900154-bib-0023){ref-type="ref"}

Eggshell pigmentation is quantitatively analyzed either in solution or directly on the shell. For the analysis in solution, the shell must be dissolved. Complete dissolution in acidic media yields the integral pigment content of the entire shell. This method is widely applied in the literature.[8](#open201900154-bib-0008){ref-type="ref"}, [18](#open201900154-bib-0018){ref-type="ref"} More specifically, the shell is soaked in a neutral or slightly alkaline solution of ethylenediaminetetraacetate (EDTA) which dissolves the cuticle and pigments therein but only slightly affects the calcareous region.[24](#open201900154-bib-0024){ref-type="ref"} An alternative is surface etching with diluted hydrochloric acid to extract pigment from eggshell.[25](#open201900154-bib-0025){ref-type="ref"} These methods allow one to differentiate between pigment positions close to the outer surface and the interior of the shell.[26](#open201900154-bib-0026){ref-type="ref"}, [27](#open201900154-bib-0027){ref-type="ref"} Samiullah and Roberts found more PPIX in the calcareous part than in the cuticle.[28](#open201900154-bib-0028){ref-type="ref"} An approach for assessing eggshell pigmentation without sample preparation is measuring directly on the surface using the shell as turbid medium for optical spectroscopy in the diffuse reflectance mode. Reflectance spectra deliver an objective tool for the description of eggshell colors under e. g. aesthetic, physiological, or classifying points of view. The spectra are converted into the CIE color space or into hexadecimal color codes.[8](#open201900154-bib-0008){ref-type="ref"}, [22](#open201900154-bib-0022){ref-type="ref"} Some authors additionally specify blue‐green chroma as reflectance differences R~max~--R~min~ at significant wavelengths of the BV‐spectrum in the shell[29](#open201900154-bib-0029){ref-type="ref"}, [30](#open201900154-bib-0030){ref-type="ref"}, [31](#open201900154-bib-0031){ref-type="ref"} or brown chroma for PPIX‐containing shells.[32](#open201900154-bib-0032){ref-type="ref"} The representation of eggshell colors in the avian tetrachromatic color opponent space is practiced.[33](#open201900154-bib-0033){ref-type="ref"}, [34](#open201900154-bib-0034){ref-type="ref"} Optical spectroscopy is furthermore beneficial for the separation of specular from diffuse reflectance with emphasis on highly glossy specimens,[35](#open201900154-bib-0035){ref-type="ref"} for the investigation of reflectance spectra under the aspect of correlation with the pigment concentration,[3](#open201900154-bib-0003){ref-type="ref"}, [36](#open201900154-bib-0036){ref-type="ref"}, [37](#open201900154-bib-0037){ref-type="ref"}, [38](#open201900154-bib-0038){ref-type="ref"} as well as for the aspect of the pigment stability against strong photo‐irradiation.[39](#open201900154-bib-0039){ref-type="ref"} Maurer et al. compared the spectrally resolved transmitted light through wild bird eggshells to their reflectance values.[40](#open201900154-bib-0040){ref-type="ref"} Lahti et al. observed reflectance and absorbance by the eggshell, and the transmittance through the shell.[41](#open201900154-bib-0041){ref-type="ref"} Vibrational spectroscopy has been applied as IR technique to analyze the properties of eggshell layers,[42](#open201900154-bib-0042){ref-type="ref"}, [43](#open201900154-bib-0043){ref-type="ref"} or as Raman technique to identify avian eggshell pigments.[5](#open201900154-bib-0005){ref-type="ref"}

In this paper, we disconnect the inner mebranes from the calcareous main parts of white, brown, light green and dark green chicken eggshells. According to the graphical TOC, we apply diffuse reflectance, diffuse transmittance and fluorescence spectroscopy for the in‐shell analysis of the optical concentrations and axial concentration profiles of PPIX, BV, and proteins in the multiple scattering shell. The sampling depth of reflectance reaches up to one third of the total layer thickness but decreases with increasing absorption.[44](#open201900154-bib-0044){ref-type="ref"} Transmittance probes the whole layer depth with slight preference of the central region. For a full analysis, we acquire data with irradiation from both surface sides and, when indicated, after mechanical ablation of the outer shell regions. Despite the particulate nature of the shell, we evaluate the data with the continuum model of radiative transfer in multiple scattering media[45](#open201900154-bib-0045){ref-type="ref"} including the popular one‐dimensional approximation of Kubelka‐Munk.[46](#open201900154-bib-0046){ref-type="ref"}, [47](#open201900154-bib-0047){ref-type="ref"}, [48](#open201900154-bib-0048){ref-type="ref"} The calculated optical parameters can in principle be transferred into molar concentrations. However, the appearance of the brown shell spectra is rather different from spectra of pigments and proteins in aqueous solution so that we do not know the exact molar extinction coefficients at the moment. We discuss the absorption and fluorescence spectra under the aspects of molecular aggregation and intermolecular energy transfer which can be very probable processes because the local pigment and protein concentrations are about two orders of magnitude higher than the average over the entire shell.

Experimental Section {#open201900154-sec-0002}
====================

White and brown eggs of domestic chicken Gallus gallus were purchased from local supermarkets. Green eggs of Araucana chicken, a breed of domestic chicken from Chile, were delivered from a regional chicken farm. In sum, we chose four types of chicken eggs with different colors as described in Table [1](#open201900154-tbl-0001){ref-type="table"}.

###### 

Apparent colors of four types of chicken eggshells under day light.

  Type   Outer shell surface   Inner shell surface    
  ------ --------------------- ---------------------- ----------------------
  I      Gallus gallus         Light grayish white    Light grayish white
  II     Gallus gallus         Medium to dark brown   Light brownish white
  III    Araucana              Light green            Light green
  IV     Araucana              Dark green             Light green
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The eggs were cracked by hand and the shells were separated from egg white, egg yolk and the inner membranes. The remaining shells were investigated i) without further cleaning, ii) after mechanical ablation of the outermost shell regions using a rotary tool (Dremel), fitted with a metal wire brush (diameter 2 cm). The degree of ablation was measured with a micrometer caliper.

Optical absorption and scattering spectra were recorded with a Lambda 1050 double beam spectrophotometer (PerkinElmer) equipped with a photometric integrating sphere including sample ports for diffuse transmittance and diffuse reflectance. The samples were monochromatically excited (typically with bandwidths of Δ*λ*=1 nm) and the sum of elastic and inelastic backward or forward scattered radiation was recorded with four shell positions against the "white" reference spectralon^TM^ (polytetrafluoroethylene); yielding diffuse reflectance from the outer (R~out~) and inner (R~in~) shell surfaces as well as diffuse transmittance through the outer (T~out~) and inner (T~in~) surface. The curvatures of the shells reduce somewhat the solid angle of radiation that impinges on the photometric sphere in the positions R~in~ and T~out~. Therefore, the spectra were adjusted in the region of negligible absorption, *λ*=900--1100 nm, to the corresponding values of R~out~ and T~in~, respectively. This conventional method of spectra acquisition according to Figure [1](#open201900154-fig-0001){ref-type="fig"} (a) has its limitations for luminescent samples because luminescence can greatly enhance the registered signal, especially when the detector is more sensitive to luminescence than to primary radiation, e. g. in the UV‐range. For quantitative photometry of the absorption band at 280 nm, we therefore applied a two‐monochromator equipment as described in Figure [1](#open201900154-fig-0001){ref-type="fig"} (b). Here, a Fluorolog 3 instrument was used to perform not only fluorescence excitation and fluorescence emission spectra but also diffuse reflectance spectra, free from fluorescence. For all measurements, emitted or reflected light was collected in a 23°‐angle front‐face detection. The bandwidths of both monochromators were adjusted to Δ*λ*=1 nm.

![Top: Spectrometry of a diffusely reflecting (R, blue) and fluorescing (F, red) turbid sample upon monochromatic excitation at X. In (a), a broad‐band detection in a conventional one monochromator setup results in the sum of diffuse reflectance and backscattered fluorescence. (b) A spectrometer setup with two independently driven monochromators X and M almost completely separates fluorescence from reflectance. Bottom: Diffuse reflectance spectra of a white chicken eggshell acquired with a conventional UV/Vis spectrophotometer and a two‐monochromator X, M spectrometer setup. Note: The reflectance is scaled from top to bottom. Hence, the absorption of fluorescent tryptophan becomes higher with two monochromators, and the absorption maximum shifts to its correct value.](OPEN-8-1084-g001){#open201900154-fig-0001}

The tryptophan (Trp) and tyrosine (Tyr) concentrations in brown and white eggshells were determined after preparing five brown and five white chicken eggs each as initially described. The eggshells were ground by a Retsch Mixer Mill (model MM 400). The resulting powders were hydrolysed in barium hydroxide solution for the Trp determination and in hydrochloric acid for the Tyr determination. Both amino acids were quantified by HPLC with fluorescence detection.[49](#open201900154-bib-0049){ref-type="ref"}

The optical parameters of the shells were calculated from the spectroscopic data with the continuum model of radiative transfer,[45](#open201900154-bib-0045){ref-type="ref"} which is an extension of Beer\'s law to three‐dimensionally multiple scattering systems. In order to reduce the mathematical effort for the description of the photo‐stationary state, we used the random‐walk (RW) approach,[44](#open201900154-bib-0044){ref-type="ref"}, [50](#open201900154-bib-0050){ref-type="ref"} and split the incident radiation flux into a large number (e. g. one million) of bunched beams ("photons"), and recorded one after the other their stochastic fates through the sample until reflection, transmission or absorption. The sum of all experiments yields the photo‐stationary state, with the disadvantage of lacking analytical presentation, but the great advantage of applicability to systems with axial and radial material gradients as, e. g., in an eggshell. The distance s between two statistical events (scattering or absorption) is described by the probability transformation of the extended Beer\'s law$$s = - \ln\mspace{720mu}\left( Rnd \right)/\left( \sigma + \alpha \right)$$ $$\sigma = {scattering}\mspace{720mu}{coefficient}/{unit}\mspace{720mu}{length}$$ $$\alpha = {absorption}\mspace{720mu}{coefficient}/{unit}\mspace{720mu}{length}$$ $$Rnd = {random}\mspace{720mu}{number}\mspace{720mu}{between}\mspace{720mu}{zero}\mspace{720mu}{and}\mspace{720mu}{unity}.$$

The polar and azimuth angles between two events are given by$$cos\mspace{720mu}\theta = 2\mspace{720mu} Rnd - 1\mspace{720mu}\left( {isotropic}\mspace{720mu}{scattering};\mspace{720mu}{for}\mspace{720mu}{anisotropy}\mspace{720mu}{see}\mspace{720mu} e.\, g.{}^{\lbrack 44\rbrack} \right)$$ $$\phi = 2\pi\mspace{720mu} Rnd$$

The probability of total absorption is given by a random number greater than the albedo$$Rnd > \sigma/\left( \sigma + \alpha \right)$$

Otherwise the bunched beam stays intact.

In a different approach we apply the popular Kubelka‐Munk (KM) equations[46](#open201900154-bib-0046){ref-type="ref"}, [47](#open201900154-bib-0047){ref-type="ref"}, [48](#open201900154-bib-0048){ref-type="ref"} which are exact solutions of the model of radiative transfer in one dimension. The formalism has been described in a number of original papers and monographs. Here, we start from very thin finite layer elements of thickness Δz with transmittance ^1^T and reflectance ^1^R$${}^{1}T = 1 - \left( K + S \right)\Delta z\,\;{}^{1}R = S\Delta z$$

where S=scattering coefficient/unit length, K=absorption coefficient/unit length, (Kubelka notation). Starting from this basic approach, the optical properties of a stratified n‐layer system can be expressed by the recursion formulae$${{}^{n + 1}T = {}^{n}T\mspace{720mu}{}^{1}T/\left( 1 - {}^{n}R\mspace{720mu}{}^{1}R \right)}{{}^{n + 1}R = {}^{n}R + {}^{1}R\mspace{720mu}{}^{n}T{}^{2}/\left( 1 - {}^{n}R\mspace{720mu}{}^{1}R \right)}$$

which were already applied by Stokes[51](#open201900154-bib-0051){ref-type="ref"} to calculate the optics of a stack of glass sheets.

The method becomes valuable for depth‐dependent optical parameters. Otherwise the analytical KM‐solutions are simpler to handle. An approximate correlation between RW‐ and KM‐ parameters can be established for diffuse incidence, not too thin layers (σ+α)z \>10, and scattering that dominates over absorption$$\alpha = K/2\,\;\sigma\left( 1 - g \right) = {4S}/3$$

where the anisotropy parameter 0≤g≤1 considers the forward tendency of a single scattering event.

2. Results and Discussion {#open201900154-sec-0003}
=========================

2.1. Phenomenological Description of Absorption and Fluorescence Spectra Including Band Assignment {#open201900154-sec-0004}
--------------------------------------------------------------------------------------------------

According to Table [1](#open201900154-tbl-0001){ref-type="table"}, the visual color impression of the shells can be very different by inspection from the outer and inner shell surfaces. Therefore, the absorption and fluorescence spectra were measured by irradiation from both sides.

White eggshells typically show the diffuse reflectance and transmittance spectra in Figure [2](#open201900154-fig-0002){ref-type="fig"}, measured with the one monochromator equipment of Figure [1](#open201900154-fig-0001){ref-type="fig"} (a). Prominent electronic absorption bands are only found in the UV -- range starting just below the visible with *λ* ~max~=390 nm in reflectance from the shell outside, λ~max~=380 nm in transmittance, and *λ* ~max~=360 nm in reflectance from the shell inside. Additional strong bands are emerging in the mid‐UV with *λ* ~max~=284 and 238 nm. The Vis‐range appears virtually white due to strong multiple scattering and almost negligible absorption. However, closer inspection reveals four very weak absorption signatures with ΔR≈−0.005 and ΔT≈−0.002. They can easily be localized because of their small bandwidths, as visualized in the insets of Figure [2](#open201900154-fig-0002){ref-type="fig"}. We compared the band positions to the absorption spectrum of PPIX in dilute trichloromethane solution.[52](#open201900154-bib-0052){ref-type="ref"} All four absorption signatures of the shell coincide with the Q‐band positions of dissolved monomeric PPIX (Figure [5](#open201900154-fig-0005){ref-type="fig"}).

![UV/Vis spectra of a white chicken eggshell. (a) Diffuse reflectance, irradiation from outside. In the inset, the intensity scale is magnified by a factor of 10, and the spectrum has undergone a baseline correction. (b) Diffuse transmittance, irradiation from either outside or inside. In the inset, the intensity scale is magnified by a factor of 3, and the spectrum has undergone a baseline correction. For comparability to the fluorescence spectra, the axes of reflectance and transmittance are labeled from top to bottom.](OPEN-8-1084-g002){#open201900154-fig-0002}

For further band assignment, we studied the fluorescence excitation and emission spectra, as presented in Figure [3](#open201900154-fig-0003){ref-type="fig"}. Fluorescence (red curves) spreads over a wide wavelength range forming maxima in the UV at *λ* ~M,max~=345 nm, in the Blue at *λ* ~M,max~=430--460 nm with a long wavelength tail extending to more than 550 nm, and in the Red with two vibronic maxima at *λ* ~M,max~=632 and 673 nm. The red fluorescence can be clearly assigned to monomeric PPIX because it shows the same exact excitation spectrum (blue curves) in the Q‐band region as the absorption spectrum in dilute solution or in the shell (Figure [2](#open201900154-fig-0002){ref-type="fig"}). In addition, the excitation spectrum reveals the position of the intense Soret‐band with *λ* ~X,max~=398 nm. This band cannot unambiguously be located in absorption because it is embedded in a series of other absorbing pigments which are responsible for the blue fluorescence. The absorption spectra of these pigments overlap so that the sum maximum of excitation shifts with the detection wavelength of the blue fluorescence and *vice versa*. Since the sum maximum of absorption also depends on the geometry of measurement (R~out~, R~in~, T, see above), the blue emitting pigments have to be located in the interior of the shell and not close to the outer surface (see later). Unfortunately, we were not yet able to assign the chemical nature of the pigments. The UV‐fluorescence reveals the classical behavior of a one‐component system. We measured over a wide range in the *λ* ~X~,*λ* ~M~ -- space and found stable maxima at *λ* ~X,max~=280 and *λ* ~M,max~=345 nm. Thus, fluorescence originates from the strong absorption band with false maximum at *λ* ~max~=284 nm that shifts to *λ* ~max~=281 nm after fluorescence elimination (Figure [1](#open201900154-fig-0001){ref-type="fig"}, bottom). The majority of protein literature[53](#open201900154-bib-0053){ref-type="ref"}, [54](#open201900154-bib-0054){ref-type="ref"}, [55](#open201900154-bib-0055){ref-type="ref"}, [56](#open201900154-bib-0056){ref-type="ref"} assigns the 280 nm absorption to the L~a,b~‐transition of the indole skeleton in tryptophan (Trp) with a considerable contribution of the corresponding phenol transition in tyrosine (Tyr). We follow this assignment and determined the concentrations of Trp=0.25 mg/g and Tyr=0.56 mg/g as average from five powderized shells of our flock. With the decadic molar extinction coefficients ϵ~280~=5500 and 1000 cm^2^/mmol one obtains the absorption coefficients α~280~=35 and 14 cm^−1^ for the two amino acids. According to our experience with the absorption of aromatic molecules adsorbed onto multiple scattering metal oxide powders,[57](#open201900154-bib-0057){ref-type="ref"}, [58](#open201900154-bib-0058){ref-type="ref"} the α‐value is rather low as to produce the high absorption of the 280 nm‐band. A qualitative explanation will be given in the following chapter by the fact that Trp and Tyr are non‐uniformly distributed over the shell in axial and lateral directions.

![Fluorescence excitation (X, blue curves) and emission (M, red curves) spectra of a white chicken eggshell irradiated onto the outer surface and measured in backscattering mode (23° against incidence). Wavelength numbers represent curve maxima. (a) X spectrum for *λ* ~M~=350 nm and M spectrum for *λ* ~X~=270 nm. (b) X for *λ* ~M~=520 nm and M for *λ* ~X~=388 nm. (c) X for *λ* ~M~=690 nm and M for *λ* ~X~=388 nm. For clarity, the blue fluorescence is not displayed in (c). The complete spectrum will be found in Figure [9](#open201900154-fig-0009){ref-type="fig"} (a).](OPEN-8-1084-g003){#open201900154-fig-0003}

Brown eggshells begin to absorb at *λ*\<750 nm by irradiation through the outer surface side and produce a nice vibronically structured reflectance spectrum, as shown in Figure [4](#open201900154-fig-0004){ref-type="fig"} (a). The overall absorption strength varies somewhat with the flock and age of the hens but the vibronic structure does not change.[36](#open201900154-bib-0036){ref-type="ref"} Irradiation from the inner surface side exhibits the same vibronic structure in the Vis range, but with very low absorption strength, Figure [4](#open201900154-fig-0004){ref-type="fig"} (b). Hence, the Vis‐pigment must be non‐uniformly distributed over the shell depth. This property is common knowledge by visual inspection. The distribution was quantitavely examined by partial dissolution of PPIX localized close to the outer shell surface.[25](#open201900154-bib-0025){ref-type="ref"}, [28](#open201900154-bib-0028){ref-type="ref"} The transmittance spectra absorb with equal strength upon irradiation from both surface sides, see Figure [4](#open201900154-fig-0004){ref-type="fig"} (c), and (d). It should be noted that T‐spectra do not render the gradient but still the absolute extent of non‐uniformity so that they help to understand the pigment distribution over the layer depth. Comparably to the reflectance spectra of the white shell, the near‐UV absorption maxima somewhat depend on the side of irradiation, indicating different chromophores with different axial positions (unfortunately, transmittance is too low in this range as to be reliably evaluated). The first absorption maximum of the amino acids, mainly Trp, remains at *λ* ~max~=283 nm from both irradiation sides with lower intensity from inside.

![UV/Vis spectra of a brown chicken eggshell. (a) Blue curve: diffuse reflectance, outside. (b) Black curve: diffuse reflectance, inside. (c) Blue curve: diffuse transmittance, outside. (d) Black curve: diffuse transmittance, inside. For comparability to the fluorescence spectra, the axes of reflectance and transmittance are labeled from top to bottom.](OPEN-8-1084-g004){#open201900154-fig-0004}

### 2.1.1. Aggregation Tendency of PPIX {#open201900154-sec-0005}

The assignment of the Vis‐spectrum uses the fact that dissolved porphyrins tend to aggregate like many other poly‐conjugated molecules by concentration, addition of proteins, adsorption on sol‐gel matrices, and deposition on solid substrates.[59](#open201900154-bib-0059){ref-type="ref"}, [60](#open201900154-bib-0060){ref-type="ref"} The weak absorption bands of the monomer broaden and shift by aggregation to the red because the polarizability of the environment becomes higher than the solvent, the strong bands additionally split up into several components. The fluorescence yield often becomes very low due to enhanced singlet‐triplet intersystem crossing or excited‐state electron transfer as in the primary step of photosynthesis (remember that PPIX is very comparable to chlorophyll). The visible spectrum of the brown eggshell follows these features and correlates with the low‐concentrated white eggshell as shown in the term diagram of Figure [5](#open201900154-fig-0005){ref-type="fig"}: the Q~1~‐bands shift by Δν=−300 cm^−1^ to the red with indication of band splitting in the long‐wavelength tail, the Q~2~‐bands shift by Δν=−1000 cm^−1^, the strong Soret‐band by Δν=− 3700 cm^−1^ with an additional blue‐shift of Δν=+1300 cm^−1^. In total, the spectrum becomes similar to PPIX aggregates in proteinoid.[61](#open201900154-bib-0061){ref-type="ref"}

![Term diagram with band maxima of protoporphyrin IX. (a) From absorbance spectra of PPIX dimethyl ester in CHCl~3~.[52](#open201900154-bib-0052){ref-type="ref"} (b) From reflectance spectra of white chicken eggshells, except (c) which originates from fluorescence excitation spectra at *λ* ~em~=690 nm. (d) From reflectance spectra of brown eggshells. (e) From absorption spectra of PPIX in phosphate buffer with proteinoid.[61](#open201900154-bib-0061){ref-type="ref"} (f) Soret band of PPIX monomers. (g) Very weak shoulder.](OPEN-8-1084-g005){#open201900154-fig-0005}

The onset of aggregation can also be observed in white‐shelled specimens with relatively high PPIX‐content. Figure [6](#open201900154-fig-0006){ref-type="fig"} shows absorption and fluorescence excitation details of a shell with more than 5 times the PPIX‐concentration than in the specimen of Figure [2](#open201900154-fig-0002){ref-type="fig"} and Figure [3](#open201900154-fig-0003){ref-type="fig"}. In comparison to Figure [2](#open201900154-fig-0002){ref-type="fig"}, the Q~1~‐band shifts by Δ*λ*≥5 nm to the red wavelength region and lies between the monomer and the poly‐aggregates bands of the brown shell. We assign the Q~1~‐absorption to the head‐to‐tail transition of a tile‐shaped dimer. Q~2~ is the orthogonal side‐by‐side transition with a large center‐to‐center distance, weak intermolecular coupling, and thus negligible spectral shift against the monomer. The situation changes in the three‐dimensional poly‐aggregates of the brown shell, where Q~2~ shifts stronger to the red than Q~1~.

![Q‐band region of the diffuse reflectance absorption spectrum (blue curve) and fluorescence excitation spectrum, *λ* ~X~=690 nm, (red curve) of a white eggshell with eight times the PPIX‐concentration of that in Figure [2](#open201900154-fig-0002){ref-type="fig"} and Figure [3](#open201900154-fig-0003){ref-type="fig"}. Absorption mainly arises from aggregates, and fluorescence exclusively originates from monomers.](OPEN-8-1084-g006){#open201900154-fig-0006}

No fluorescence of aggregated PPIX could be detected in white, brown, or green shells. However, we always measured intense fluorescence of the monomer with the same emission and excitation Q‐ band positions as in Figure [3](#open201900154-fig-0003){ref-type="fig"}. Hence, the monomer must be present in all samples, even if its absorption is masked by the aggregates. A significant intensity difference remains between white and brown in the ratio of the first (632 nm) and second fluorescence vibronic (673 nm). The first one is strongly re‐absorbed by the brown pigment and thus loses intensity against the white shell, as seen in Figure [9](#open201900154-fig-0009){ref-type="fig"}.

Green shells become mainly colored by biliverdin (BV), a formal oxidative ring‐opening product of PPIX. The resulting polyene‐1,ω‐dione molecule is much more flexible than PPIX and provides a series of −C=C− and O=C‐valence as well as low‐energetic deformation vibrations that couple with the electronic π,π\*‐transitions. The resulting absorption bands are broad and structureless with maxima at 375 nm (ϵ=56000 cm^2^/mmol) and 670 nm (ϵ=15800 cm^2^/mmol) in EtOH. The corresponding maxima are localized in the shell at 383--385 nm and≈645 nm. The band shifts against solution are tentatively interpreted as aggregation effect in J‐direction (UV‐band) and H‐direction (red band).

The spectra of lightly colored shells in Figure [7](#open201900154-fig-0007){ref-type="fig"} (a) reveal a distinct intensity contrast between outer and inner surface, which is much weaker than in the brown shells. In addition to BV, we found all four Q‐band signatures of PPIX in our flock, as shown in the inset of Figure [7](#open201900154-fig-0007){ref-type="fig"} (a). The band positions comply with the pattern in Figure [6](#open201900154-fig-0006){ref-type="fig"}, and are therefore assigned to PPIX‐dimers, which were also observed in the white shell with high PPIX‐content. The dimers are non‐fluorescent, but both sides of irradiation show the fluorescence of PPIX‐monomers with the same emission and excitation spectra as in Figure [3](#open201900154-fig-0003){ref-type="fig"} or Figure [6](#open201900154-fig-0006){ref-type="fig"}.

![UV/Vis spectra of light green and dark green chicken eggshells. (a) Diffuse reflectance of light green shell, measured from inside and outside. (b) Diffuse reflectance of dark green shell, measured from inside and outside.](OPEN-8-1084-g007){#open201900154-fig-0007}

The intensity contrast between outer and inner surface irradiation of deeply colored shells is fairly strong, Figure [7](#open201900154-fig-0007){ref-type="fig"} (b). The outer surface region absorbs due to a mixture of BV and highly aggregated PPIX~n~ with the same spectral pattern as in the brown shell. The inner surface, however, absorbs similarily to the lightly colored shell ascribed to a mixture of BV and non‐fluorescent PPIX‐dimers. Again, the detected fluorescence results from PPIX‐monomers on both sides of the deeply colored eggshells, but no clear evidence of their absorption was found (very tentative; the shoulder at≈400 nm can be assigned to the Soret‐band).

2.2. Optical Parameters and Depth Profiles of the Pigments {#open201900154-sec-0006}
----------------------------------------------------------

### 2.2.1. The Uniform Layer Approximation {#open201900154-sec-0007}

The situation of negligible axial σ‐ and/or α‐gradients yields equal reflectances from outside and inside irradiation, R~outside~=R~inside~. This situation is mainly found in the wavelength regions *λ*=500, 800, 900--1200 nm of white, brown, or green shells, where absorption is very weak. We evaluated the optical data originating from a triple layer, R~010~ and T~010~ (0=internal shell boundaries, 1=turbid medium). It should be noted that, without consideration of Fresnel backscattering at the internal sample boundaries, the absorption (scattering) coefficients would be significantly greater (less) than in reality. Table [2](#open201900154-tbl-0002){ref-type="table"} summarizes results obtained with the RW‐ and KM‐ formalisms, in the latter case by iterative application of the recursion formulae (Eq. 2) and with insertion of the internal boundary reflection R~0~=0.6. The calculated scattering coefficients depend on the wavelength, σ∼*λ* ^−0.65^, indicating scattering centers with dimensions marginally greater than *λ*.[62](#open201900154-bib-0062){ref-type="ref"} The absorption of the white shell is formed from a weak unspecified background in the Vis‐range superimposed by even weaker, but clearly assignable Q‐bands of PPIX (Figure [2](#open201900154-fig-0002){ref-type="fig"}). The KM‐absorption coefficient of the first Q~1~‐band maximum is calculated as K~632~=0.07 cm^−1^, and the corresponding RW‐ coefficient, which is closely related to the Beer‐Lambert absorption coefficient in transparent media, as α~632~=0.03 cm^−1^. Based on the decadic extinction coefficient in solution, ϵ~632~=5200 cm^2^/mmol, the volume concentration of PPIX is c~PP~=(3$\pm$ 1) nMol cm^−3^ in the white eggshell. However, this value cannot be considered as a general mean for all white chicken eggshells. As described in Figure [6](#open201900154-fig-0006){ref-type="fig"} we also found specimens with almost ten times higher PPIX concentration. These eggs still appear as "white" because color‐measuring instruments do not fully identify the narrow Q‐bands. Additionally, the blue fluorescence of the shell acts as an optical brightener.

###### 

Selected optical parameters of a white chicken eggshell in the weak absorption region; shell thickness=400 μm; RW‐ and KM‐ evaluations from R and T considering total internal boundary reflection at polar scattering angles sinθ\>n^−1^=1.56^−1^ corresponding to partial boundary reflectance R~0~=0.6 for diffuse flux; α~U~, K~U~=unspecified absorption loss.

  *λ* \[nm\]    Experiment   Scattering coeff. \[cm^−1^\]   Absorption coeff. \[cm^−1^\]                            
  ------------- ------------ ------------------------------ ------------------------------ ------ ----------------- -------
  1200          0.880        0.097                          690                            545    0.12              0.27
  1000          0.890        0.085                          780                            625    0.13              0.29
  800           0.905        0.071                          960                            760    0.13              0.28
  632                                                                                                                
  Baseline      0.915        0.060                          1120                           890    0.14              0.30
  Q~1~ -- max   0.911        0.058                                                                +0.03             +0.07
                                                                                                  PPIX absorption   
  400                                                                                                                
  Baseline      0.920        0.045                          1350                           1100                     
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### 2.2.2. Depth Profiles of the Shell Proteins {#open201900154-sec-0008}

Eggshell proteins are the main carrier of the color pigments. We determined the protein content from the absorption band at *λ* ~max~=281 nm which mainly originates from Trp and Tyr (the small contribution of Phe can be neglected). Both amino acids are representative constituents of the eggshell proteins with average concentrations of 1--1.3 % w/w and 2--4 % w/w. With the molar absorbances from the solution, the protein content is in principle accessible from optical measurements. However, the non‐uniform axial and lateral distribution of the proteins, as well as the lack of reliable transmittance data (the T‐values are too low for quantitative evaluation, see Figure [2](#open201900154-fig-0002){ref-type="fig"} and Figure [4](#open201900154-fig-0004){ref-type="fig"}) make a full analysis almost impossible. In a simple approach, we treated the shell as semi‐infinite layer with an optical sampling depth of 5--10 μm,[44](#open201900154-bib-0044){ref-type="ref"} and extrapolated the scattering coefficient from Table [2](#open201900154-tbl-0002){ref-type="table"}. The results are presented in Table [3](#open201900154-tbl-0003){ref-type="table"}. The calculated absorption coefficients may be somewhat different from reality, but the trend of axial protein content is clearly represented by the results. In the brown shell, the outer cuticle region is formed from protein particles[63](#open201900154-bib-0063){ref-type="ref"}, [64](#open201900154-bib-0064){ref-type="ref"}, [65](#open201900154-bib-0065){ref-type="ref"} with a rather high packing of P=0.4--0.5 relative to a compact layer with no voids. In the white shell, the packing is only half the hight. Ablation of a small layer depth strongly reduces the protein content since now most of the shell volume is occupied by calcite. Further ablation reduces the (protein) content even more until the content increases again in the region of the inner shell surface to about half of the cuticle value (the egg membranes were not present in these experiments). The graphical TOC of the abstract visualizes this behavior as cartoon.

###### 

(Trp+Tyr) ‐ absorption coefficients α in a white and brown shell estimated from diffuse reflectance data at 280 nm, total internal boundary reflectivity at polar scattering angles sinθ\>1.6^−1^ (corresponding to R~0~≈0.7), and effective scattering coefficient σ=1300 cm^−1^. The estimates are valid within an error of ±15 %.

  Irradiation from the                                             White shell         Brown shell                              
  ---------------------------------------------------------------- ------------------- -------------------------------- ------- -----
  outer surface                                                    0.140               360                              0.087   710
  outer surface after mechanical ablation of                                                                                    
  Δz=20 μm                                                         0.320               55                               0.214   170
  Δz≈100 μm                                                        0.360               45                               0.350   50
  inner surface                                                    0.220               160                              0.140   350
  analytical mean                                                  α~mean~=50 cm^−1^   α~mean~=90 cm^−1^                        
  (Trp+Tyr) -- absorption in a compact transparent protein layer                       α~compact~=(1400--1600) cm^−1^           
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### 2.2.3. Depth Distribution of the Color Pigments in the Bi‐Layer Model {#open201900154-sec-0009}

The photometric in‐situ analysis of colored shells is challenging because the visible pigment is non‐uniformly distributed over the shell depth. As an analytically manageable crude approximation, we formally subdivide the shell into an *outer part 1* with thickness *d~out~* and *inner part 2*. The system can then be described as quadruple layer with three experimental information sets R~0120~, R~0210~, and T~0120~=T~0210~ (0=shell boundary). Since the scattering coefficients are available by extrapolation from the long wavelength region or from the white shell, the absorption coefficients and thicknesses of the two layer parts are mathematically exactly accessible by iteration (without giving them *a priori* physical meaning). Table [4](#open201900154-tbl-0004){ref-type="table"} presents results for the first absorption maximum of the brown shell which is not distorted by fluorescence, and for the green shells, here somewhat outside of the broad maximum so that the BV absorption is not distorted by PPIX. Calculations for the outer layer yield very small thicknesses of d~out~≈10--20 μm, as mentioned in literature.[63](#open201900154-bib-0063){ref-type="ref"} Nonetheless, this layer absorbs strongly. The inner layer absorbs much weaker, but still about ten to fifty times more than the white shell, and due to its thickness carries an appreciable fraction of the pigments. It should be mentioned that the results of the simple KM‐model are very comparable to the elaborate RW‐method (remember that K≈2α, see also the evaluations of Table [2](#open201900154-tbl-0002){ref-type="table"}). According to the molar absorbance ratios of the two pigments monomers BV/PPIX≈3, the total BV content is much lower than that of PPIX. With the protein data of Figure [3](#open201900154-fig-0003){ref-type="fig"} it is also reasonable to assume that BV is dissolved in the proteins in more or less constant concentration over the whole shell depth, whereas PPIX is segregated to an appreciable fraction close to the outer surface.

###### 

Exemplary absorption and scattering coefficients of brown and green eggshells as evaluated for the first absorption maxima in the double‐layer approximation of the i) Kubelka‐Munk (KM) model, considering internal reflectance R~0~=0.6 at the inner shell boundaries, ii) isotropic Random Walk (RW) approach, considering internal total reflectance of beams emitted with polar angles sinθ\>n^−1^=1.56^−1^.The scattering coefficients were extrapolated from the wavelength region out of absorption (*λ*=900--1100 nm). The average concentrations were estimated from the molar absorbances of the monomers in solution.

  ------------------------------------------------ ------------ ----------- ------------------------- -------------------------------- --------------- ---------------------------------------------------- ------------------------------------
  ***Brown shell** λ=642 nm d~tot~=400 μm*         R~outside~   R~inside~   T~outside\ =~ T~inside~   absorption coefficients/cm^−1^   d~out~/μm       average absorption coefficients and concentrations   
  *Experiment*                                     0.410        0.880       0.019                                                                                                                           
  *Calculated with KM S=800 cm* ^*−1*^             0.410        0.880       0.019                     K~out~ 171.2                     K~in~ 0.950     14.9                                                 K~av~=7.29 cm^−1^ C~av~=130 nmol/g
  *Calculated with RW σ=1100 cm* ^*−1*^            0.409        0.882       0.019                     α~out~ 85                        α~in~ 0.45      18                                                   α~av~=4.25 cm^−1^ C~av~=150 nmol/g
  ***Light green shell** λ=670 nm d~tot~=360 μm*   R~outside~   R~inside~   T~outside\ =~ T~inside~   absorption coefficients/cm^−1^   d~out~/μm       average absorption coefficient and concentration     
  *Experiment calculated S=750 cm* ^*−1*^          0.710        0.780       0.026                     K~out~ 31±1                      K~in~ 3.1±0.3   8--10                                                K~av~=3.8 cm^−1^ C~av~=23 nmol/g
  ***Dark green shell** λ=670 nm d~tot~=360 μm*    R~outside~   R~inside~   T~outside\ =~ T~inside~   absorption coefficients/cm^−1^   d~out~/μm       average absorption coefficient and concentration     
  *Experiment calculated S=600 cm* ^*−1*^          0.520        0.730       0.016                     K~out~ 105±5                     K~in~ 5.2±0.5   9--11                                                K~av~=7.7 cm^−1^ C~av~=47 nmol/g
  ------------------------------------------------ ------------ ----------- ------------------------- -------------------------------- --------------- ---------------------------------------------------- ------------------------------------
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### 2.2.4. Depth Distribution of the Brown Pigment in the Multi‐Layer Model {#open201900154-sec-0010}

The bi‐layer model provides acceptable average absorption coefficients but unrealistic steep gradients between the outer and inner layer parts. We experimentally examined the axial distribution of the brown pigment by mechanical surface ablation. Figure [8](#open201900154-fig-0008){ref-type="fig"} presents results as red points. After ablation of Δz≈20 μm, the reflectance at Q~1,max~ increases appreciably from R~642~=0.41 to R~642~=0.59, which is less than expected according to the bi‐layer model (R~642~=0.88). A large amount of the brown pigment is still present, mainly concentrated in the pores, and visible to the naked eye as dark brown dots. Further ablation reduces the color intensity of the dots, and increases the reflectance via R~642~=0.73 to R~642~=0.79. A similar approach was published by Lang and Wells[26](#open201900154-bib-0026){ref-type="ref"} who measured the brown shell color with a reflectometer and obtained a reading of R=0.38. After soaking in EDTA, the reading increased to R=0.62 (white shell reference R=0.83).

![Model of the depth profile of aggregated PPIX~n~ in the brown eggshell, presented as KM‐absorption coefficients K~PP~ (blue curve). Red points: experimental reflectances at the first Q~1~‐maximum, measured from the outer shell surface during mechanical surface ablation. Red curve: Calculated reflectance inserting K~PP~(z) with S=800 cm^−1^ and R~0~=0.6.](OPEN-8-1084-g008){#open201900154-fig-0008}

Unlike the bi‐layer approach, a closed analytical presentation of the experiments in Figure [8](#open201900154-fig-0008){ref-type="fig"} is not possible for us. Hence, we used intuitive axial distribution profiles of PPIX (Gaussian, exponential, second order, linear) in order to fit the experiments. Figure [8](#open201900154-fig-0008){ref-type="fig"} presents an acceptable result. The concentration of PPIX is assumed to be constant inside the cuticle. With the beginning presence of calcite, the mean concentration decreases, because only the volume outside of calcite is accessible to PPIX. This volume descends linearly with z to the value responsible for the reflectance from the inner surface of the shell. The theoretical reflectance and transmittance were calculated with the finite‐element method by repetitive application of Eq. 1 and Eq. 2 with the absorption coefficients K~PP~(z) as given in Figure [8](#open201900154-fig-0008){ref-type="fig"}. The result is plotted as a red curve. According to these measurements and the data of Lang and Wells[26](#open201900154-bib-0026){ref-type="ref"} vide supra, about 50 % of PPIX is localized in the thin cuticle. The rest is distributed over the shell depth with a decaying gradient. It is is currently unclear whether the decline is due to the protein depth profile of Table [3](#open201900154-tbl-0003){ref-type="table"} or due to the PPIX -- concentration *in* protein.

### 2.2.5. Depth Positions of the Fluorophores {#open201900154-sec-0011}

In Figure [9](#open201900154-fig-0009){ref-type="fig"}, we excited fluorescence at *λ* ~X~=388 nm where the blue‐ as well as the red‐emitting fluorophores absorb. We found both types of fluorescence spectra with comparable intensity (curve a) in the white shell. In the brown shell, we found almost exclusively the red fluorescence (curve b). However, after surface ablation of d≈80 μm, the blue fluorescence re‐appeared with an intensity comparable to the red one (curve c). Within the framework of KM, the intensity of the exciting incident radiation exponentially decays inside the shell according to I$\sim$ exp(‐$z\sqrt{K^{2} + 2KS})$ . Considering K~388~≈S/100 in the white shell, the mean penetration depth is then z~mean~≈70 μm so that the incident radiation reaches the cuticle and the calcareous phase. In the brown shell, the absorption coefficient of K~388~≈S is resulting in a mean penetration depth of z~mean~ $\leq$ 5 μm so that the incident radiation only reaches the cuticle. Thus, the presence of the monomeric PPIX‐fluorescence can only be explained if the PPIX~n~‐aggregates dissolved in the protein of the cuticle partly dissociate into monomers$${PPIX}{}_{n}\overset{\rightarrow}{\leftarrow}{PPIX}{}_{n\text{-}1} + {PPIX}\overset{\rightarrow}{\leftarrow}{PPIX}{}_{n\text{-}2} + {2{PPIX}}$$

![Fluorescence emission (M) spectra of white and brown chicken eggshells for *λ* ~X~=388 nm irradiated onto the outer surface and measured in backscattering mode (23° against incidence). Wavelength numbers represent curve maxima. The fluorescence spectra are unit vector normalized. (a) White chicken eggshell outside. (b) Brown chicken eggshell outside. (c) Brown chicken eggshell outside after ablation of an outer layer of Δz≈80 μm.](OPEN-8-1084-g009){#open201900154-fig-0009}

On the other hand, the blue‐emitting fluorophores cannot be localized in the cuticle. They are either formed in the fiber‐structured internal protein, as ionic activators in the calcite structure, or as organic matter entrapped during the fast carbonate synthesis inside or at the surface of the crystallites.[66](#open201900154-bib-0066){ref-type="ref"} A hint on the nature of the fluorophore is found in the excitation spectrum of the green fluorescence region at 520 nm. In addition to the excitation maximum at 380 nm (see Figure [3](#open201900154-fig-0003){ref-type="fig"}) we detected a second maximum at 276 nm which corresponds to the absorption of Tyr. It is assumed that the triad of adjacent amino acids Ser‐Tyr‐Gly oxidatively forms the imidazolinone ring system which is regarded as precursor of the green fluorescent protein.[67](#open201900154-bib-0067){ref-type="ref"}

3. Conclusion {#open201900154-sec-0012}
=============

In this paper, the depth distribution of the eggshell proteins and the color pigments dissolved therein was analyzed by a combination of optical absorption and fluorescence spectroscopy with irradiation from both shell sides. The interpretation of the data could be supported by additional experiments after mechanical ablation of the outer shell regions. The proteins form a loose agglomerate of particles directly on the outer surface as well as deeply in between the calcite environment. The main color pigment PPIX is dissolved in the strongly pigmented shells preferably as poly‐aggregate in the outer shell regions but also, with lower density, across the whole shell depth. The weakly pigmented shells are dominated by PPIX -- dimers, and the "white" shells by PPIX -- monomers. The latter were detected by their fluorescence in all shells, whether white, brown or green. We conclude: No eggshell is like the other.

Conflict of interest {#open201900154-sec-0014}
====================

The authors declare no conflict of interest.

Supporting information
======================

As a service to our authors and readers, this journal provides supporting information supplied by the authors. Such materials are peer reviewed and may be re‐organized for online delivery, but are not copy‐edited or typeset. Technical support issues arising from supporting information (other than missing files) should be addressed to the authors.

###### 

Supplementary

###### 

Click here for additional data file.

The authors thank Dr. Klaus Schwadorf, University of Hohenheim, for the determination of tryptophan and tyrosine in chicken eggshells.
